Introduction
============

Echinacea has been used for many years for the prevention and treatment of colds and minor infections. There is some evidence to indicate that Echinacea preparations might work through immune mechanisms \[[@B1-molecules-10-01279],[@B2-molecules-10-01279]\], however, the immune response is complex and multifaceted, with macrophages playing a key role in the orchestration of the response. Macrophages are widely distributed in different tissues and play an essential role in the development of the specific and non- specific immune response. These cells are activated by a variety of stimuli such as bacterial components, cytokines and chemicals. Once activated, macrophages produce and release numerous secretory products which have biological activity \[[@B3-molecules-10-01279]\]. These include several cytokines such as TNF-α, and reactive nitrogen intermediates. Activated macrophages generally produce large quantities of nitric oxide (NO) which is biologically active at nanomolar concentrations, playing an important physiological role as a defence molecule in the immune system \[[@B4-molecules-10-01279]\]. NO is synthesised by nitric oxide synthases (NOS) of which three isoforms have been identified. One of these isoforms, iNOS, is not constitutively expressed but it can be rapidly induced by inflammatory stimuli including lipopolysaccharide (LPS) and cytokines. \[[@B5-molecules-10-01279]\]. LPS is known to induce iNOS gene expression via a nuclear factor κB (NF-κB) mediated pathway \[[@B6-molecules-10-01279],[@B7-molecules-10-01279]\]. The cytokine, TNF-α also activates NF-κB and induction leads to the transcription of a host of proinflammatory cytokines and other molecules which play a key role in the inflammatory process. In this study we looked at the effects of ethanolic extracts of Echinacea, the most usual oral dosing form, on NF-κB, TNF-α and NO. These extracts contain two major groups of compounds -- caffeic acid conjugates and alkylamides. Standardisation of many Echinacea extracts to cichoric acid implies that it is responsible for therapeutic activity and not the alkylamides which are also present. A recent *in vitro*study \[[@B8-molecules-10-01279]\] has shown that cichoric acid and caffeic acid conjugates in general have poor bioavailability and therefore are unlikely to contribute to the immune activity of an oral Echinacea product. We have investigated the activity of an ethanolic Echinacea extract containing both caffeic acid conjugates and alkylamides and compared it to that of the alkylamide fraction alone, cichoric acid and two synthetic isolated alkylamides in an attempt to separate their contributions *in vitro*and as such to predict their actions *in vivo*after an oral dose.

Results and Discussion
======================

The structures of the individual Echinacea components investigated in this study are given in [Figure 1](#molecules-10-01279-f001){ref-type="fig"}. Each of these components is present in the ethanolic echinacea extract (Echinacea Premium Liquid -- EPL) together with many other alkylamide and caffeic acid derivatives. The EPL alkylamide (EPL AA) fraction does not contain the caffeic acid derivatives, only the alkylamides of which alkylamide 1 (AA 1) is the major 2-ene alkylamide and alkylamide 2 (AA 2) is the major 2,4-diene alkylamide. The effect of LPS in the presence and absence of the Echinacea components on NF-κB is shown in [Figure 2](#molecules-10-01279-f002){ref-type="fig"}. LPS significantly increased NF-κB concentrations from basal levels, with expression increasing from 501 ± 46 to 1500 ± 127 units. Although all Echinacea fractions lowered LPS-induced NF-κB, only 2.0 µg/mL cichoric acid, both concentrations of EPL, 2.0 µg/mL EPL AA and 2.0 µg/mL AA 2 significantly decreased NF-κB concentrations. [Figure 3](#molecules-10-01279-f003){ref-type="fig"} shows the effect of Echinacea and its components on the LPS-stimulated changes in TNF-α concentrations. LPS increased TNF-α levels from basal levels however this increase was inhibited in the presence of 0.2 µg/mL cichoric acid, 2.0 µg/mL EPL and 2.0 µg/mL EPL AA. In contrast to this inhibition, 2.0 µg/mL AA 1 significantly increased TNF-α levels over compared with those found with LPS alone. Although LPS markedly stimulated nitric oxide (NO) production ([Figure 4](#molecules-10-01279-f004){ref-type="fig"}) only 2.0 µg/mL EPL AA was able to cause minor but significant inhibition.

![Structures of alkylamides and cichoric acid. (**AA 1**) (2E)-N-isobutylundeca- 2-ene-8,10-diynamide; (**AA 2**) (2E,4E,8Z,10Z)-N-isobutyldodeca-2,4,8,10- tetraenamide; cichoric acid.](molecules-10-01279-g001){#molecules-10-01279-f001}

![Effects of chinacea and its components on LPS-induced NF-kB expression levels in macrophages. Data are expressed as mean ± SEM for n = 3; \* significantly different from LPS only stimulated cells where p\< 0.05.](molecules-10-01279-g002){#molecules-10-01279-f002}

![Effects of Echinacea and its components on LPS-induced TNF-α expression in macrophages. Data are expressed as mean ± SEM for n = 3. \* significantly different from LPS only stimulated cells, where p\< 0.05.](molecules-10-01279-g003){#molecules-10-01279-f003}

![Effects of Echinacea and its components on LPS-induced nitric oxide production in macrophages. Data are expressed as mean ± SEM for n = 6. \* significantly different from LPS only stimulated cells, where p\< 0.05.](molecules-10-01279-g004){#molecules-10-01279-f004}

Macrophages undergo a process of cellular "activation" which is associated with morphological, functional, and biochemical changes in the cells in response to inflammatory signals or antigens. One prominent characteristic of activated macrophages is their increased capacity to release pro- inflammatory and cytotoxic mediators, which help aid in the resolution of infection or inflammation. As a prelude to macrophage activation LPS must bind to a receptor on the macrophage cell surface. Several LPS receptors have been identified in different macrophages with the most thoroughly studied receptor being the CD14 receptor. The mouse peritoneal macrophage cell line, RAW 264.7 used in this study possesses the CD14 receptor \[[@B9-molecules-10-01279]\].

Conclusions
===========

The present data show that all components tested except the monoene alkylamide (AA 1) significantly decreased lipopolysaccharide (LPS) stimulated NF-κB levels. Only cichoric, EPL and the alkylamide mixture (EPL AA) significantly decreased TNF-α production under LPS stimulated conditions in macrophages. Only the EPL AA decreased LPS stimulated NO production. Studies on the immunomodulatory activity of alkylamides are limited but interestingly, Goel *et al*., \[[@B10-molecules-10-01279]\] have shown that the alkylamide fraction of an Echinacea plant extract produced significantly more TNF-α and NO from rat alveolar macrophages stimulated *ex vivo*with LPS*.* In this study, the mixture of alkylamides in the Echinacea ethanolic liquid extract did not respond in the same manner in the assays as the individual alkylamides investigated. While cichoric acid has been shown to affect NF-κB, TNF- α and NO levels \[[@B1-molecules-10-01279],[@B12-molecules-10-01279]\], it is unlikely to be relevant in the Echinacea alterations of the immune response *in vivo*due to its non-bioavailability -- i.e. no demonstrated absorption across the intestinal barrier and no detectable levels in plasma \[[@B8-molecules-10-01279]\]. These results demonstrate that Echinacea is an effective modulator of macrophage immune responses *in vitro*and that further clinical study would be merited to investigate the immunomodulatory properties of alkylamides.
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*Sample Availability*: Not available

Sample preparation
==================

Alkylamides AA 1 and AA 2 ([Figure 1](#molecules-10-01279-f001){ref-type="fig"}) were synthesised according to the method described by Matthias *et al* \[[@B8-molecules-10-01279]\]. An ethanolic extract (Echinacea Premium Liquid; EPL), of *Echinacea purpurea*(300 mg/mL) and *Echinacea angustifolia*roots (200 mg/mL) was obtained from MediHerb Pty Ltd, Warwick, Australia. The EPL alkylamide fraction (EPL AA) was separated from the caffeic acid fraction by diluting 1:100 with water and loading onto a SPE cartridge (Strata C18-E; 55 mm, 70 Å; 500 mg/6 mL; Phenomonex, USA) conditioned with 70% ethanol (10 mL), then water (5 mL). The caffeic acids were eluted from the column with water and 7% ethanol and then discarded. The alkylamide fraction was eluted with 70% ethanol and diluted back to a concentration equivalent to that found initially in the ethanolic extract. Cichoric acid was purchased from ChromaDex, CA, USA.

Cell Culture
============

All reagents, unless otherwise stated, were obtained from Sigma-Aldrich. Mouse macrophage cell line RAW 264 from the European Collection of Cell Cultures was routinely cultured in 75 cm^2^ flasks DMEM supplemented with 10% FBS, 2 mM glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 μg/mL streptomycin at 37°C and 5% CO~2~. Cell culture media and supplements and Lipofectamine reagent were obtained from Gibco/ Invitrogen, CA USA.

NF-κB activity assay
====================

For the assay, RAW 264 mouse macrophage cells (passage no. 8) were plated out at 5 x 105 cells/mL, 500 μL/well in 24-well cell culture plates (Nunc) containing the same media as described above but without antibiotics. The cells were allowed to grow overnight at 37°C and 5% CO~2~. Transfection of the cells with pNFκB-Luc and pSV-β-galactosidase control vector was carried out according to Aktan *et al*. \[[@B12-molecules-10-01279]\]. Cells were incubated for 48 h before addition of samples. The cells were preincubated for 1 hour with the test compounds or vehicle before addition of 0.1 μg/mL lipopolysaccharide (LPS) and incubation for a further 3 hours. Unstimulated cells were used as the negative control. Following this, the media was aspirated, wells washed twice with PBS, and Glo Lysis buffer (100 μL/well) was added. After incubation (room temperature for 5 min) cell lysates were assayed for luciferase and β-galactosidase activities according to the Promega protocols. Results were expressed as luciferase activity (luciferase luminescence counts per sec normalised with β- galactosidase absorbance).

TNF-α assay
===========

For the assay, RAW 264 mouse macrophage cells (passage no. 6) were plated out in 96 well plates at 106 cells/mL, 100 μL/well in the same media as described above but without phenol red, and were allowed to attach overnight. The cells were preincubated for 1 hour with the test compounds or vehicle before addition of 0.1 μg/mL lipopolysaccharide (LPS) and incubation for a further 20 hours. Cell supernatants were collected and assayed for TNFα using the Cytimmune Mouse TNFα kit (AMS Biotechnology, Abingdon, Oxon, UK), according to the kit protocol. Results were expressed as pg/mL TNF-α.

Nitrite assay
=============

The same supernatants obtained for the TNF-α assay were also assayed for NO, using the Griess reaction. Equal volumes of supernatant and Griess reagent (0.1% N-(1-naphthyl) ethylenediamide dihydrochloride, 1% sulfanilamide in 5% phosphoric acid) were mixed and absorbances at 550 nm were compared to a sodium nitrite standard curve. Results were expressed as μM nitrite.

Statistical Analysis
====================

Statistical difference between the groups was determined by Student t test.
